A model is presented for determining the bond dissociation energy, Do, of a surface-adsorbate complex from collision-induced desorption measurements. D, is calculated from the minimum collision energy required for desorption by correcting for two energy transfer events using a model based on classical mechanics. The model is tested with measurements made for the CHd/Ni{lll} system [Beckerle et aL, J. Chem. Phys. 93, 4047 (1990)] and a Do of 118 meV is found.
Knowledge of the adsorbate-surface bond energy plays a central role in understanding the processes of adsorption, desorption, and surface chemical reactivity. This bond energy provides insight into the potential energy surface (PES) of the surface complex, specifically, into the well depth in one dimension. Thermal desorption spectroscopy (TDS ) is the current technique used for measuring surface bond energies. ' As with all thermal methods, a TDS experiment is constrained to measure the activation energy of the pathway with the lowest barrier. Unfortunately, for most surface-adsorbate systems of interest, the lowest energy pathway involves decomposition on the surface rather than desorption from the surface. Hence, thermal methods for determining the surface-adsorbate bond energy are of limited value for constructing the PES. Methods based on nonthermal processes, such as collision-induced desorption, ' have been proposed to determine surface-adsorbate bond energies.3 Here we present a new model for determining the bond dissociation energy, D,, from collisioninduced desorption threshold measurements. Using concepts based on gas phase collision-induced dissociation,4 we propose that the bond energy can be extracted from the minimum collision energy required for desorption. Our premise is that once this threshold energy is corrected for two energy transfer events the surface-adsorbate bond dissociation energy is calculated. In this Communication, we specifically consider the collision-induced desorption of a physisorbed polyatomic molecule bound to a well-defined, transition metal surface.
For molecules in the gas phase, several nonthermal methods are viable for determining bond dissociation energies. These methods include infrared multiphoton dissociation and collision-induced dissociation. Photochemical methods are just beginning to be applied to surface chemical systems with some success. However, no surface analog yet exists for infrared multiphoton dissociation,6 or even the Birgt+Sponer extrapolation method.' Gas phase, collision-induced dissociation measurements have been used to determine a number of bond energies. For example, Armentrout and co-workers have used collision-induced dissociation to study metal-metal bond dissociation energies in metal clusters.' A plot of the dissociation cross section as a function of the center of mass collision energy provides a simple method to determine the bond dissociation energy. The dissociation energy is equal to the collision energy corresponding to the zero cross section intercept, or threshold energy. To accurately determine the threshold energy, Ethrs, the cross section data are fit to the following functional form?
where a(E) is the measured cross section for desorption, E is the center-of-mass collision energy, and S and N fitting constants. For the case of the adsorbate bound to the solid surface, measurement of the collision-induced desorption threshold should provide a method for determining the bond dissociation energy. In the model proposed here, the potential energy surface (PES) of the physisorption bond is modeled by a one-dimensional square well. The inner wall of the square well represents an impulsive potential while the outer wall is a step potential of height De. We propose that the reaction coordinate of interest is the distance, d, between the adsorbate center-of-mass and the plane of the surface (see Fig. 1 ). Therefore, the normal component of translational energy of the incident atom is used to overcome the adsorbate surface attraction. The incident noble gas atom, physisorbed adsorbate, and surface atoms are treated as hard spheres to calculate energy transfer using classical mechanics. To ensure that no additional forces (i.e., adsorbate-adsorbate interaction) perturb the adsorbate bond energy, the limit of low coverage is assumed.
In this model desorption is mediated by the inner, repulsive wall of the square well. For clarity, the following desorption scenario is described. After a collision, the adsorbate receives some kinetic energy and begins moving toward the surface plane. When the adsorbate recoils from the surface plane we assume that one of two events happens. The system may dissociate (i.e., the surfaceadsorbate bond is broken) because the collision force was converted into sufficient kinetic energy away from the surface to overcome the outer, "attractive" wall of the square well. Or alternatively, the recoil force is inadequate to surmount the outer wall and the molecule remains bound to the surface. Other pathways include multiple collisions, as well as reaction to surface bound product series. To a first approximation these processes will not change the collision-induced desorption threshold, rather, they will only effect the relative desorption cross section measured.
The threshold collision energy for desorption occurs at the point where the normal component of the kinetic energy of the incident beam just exceeds that required for desorption. To extract the bond energy from the threshold desorption energy an account must be made of all energy transfer processes. The desorption event is modeled here by three independent steps. The first step is the initial collision and involves transferring the normal component of energy from the incident particle to the adsorbate. The second step is another collision in which the translationally energetic adsorbate scatters off the surface. This step also involves energy transfer from the adsorbate to the surface. The final step for desorption requires the adsorbate's final component of kinetic energy perpendicular to, and away from, the surface to exceed the depth of the square well.
To determine how much energy the adsorbate loses to the surface upon collision we employ the hard cube model of gas-surface scattering." This model views the collision as taking place between an incident atom and an oscillating hard cube of some effective mass, meff.ll The effective mass depends upon the strength of the interaction potential of a surface atom with adjacent atoms. The effective mass is a function of the strength of this interaction potential with respect to the collision energy. Grimmelman'2 has shown that the effective mass concept is essentially a measure of the impulsiveness of a gas-surface collision. Vibrational motion of the hard cube is neglected since the incident noble gas kinetic energy greatly exceeds the energy of the phonon modes which may be active at the low temperatures required for physisorption.
Since the desorption process is mediated primarily by the repulsive wall of the square well, the normal component of translational energy contained in the incident noble gas atom must first be determined. The normal component of translational energy for the incident noble gas atom Ei is defined by
, where Eg,i is the total kinetic energy for the incident noble gas atom and 4i is the angle of incidence relative to the surface normal. This scaling procedure has proven to accurately account for energy transfer at the gas-surface interface in past experimental work. l3 The amount of energy deposited also depends on the impact parameter, b. We have written a computer program, based on the line-ofcenters modeL4 to calculate the energy transfer between an incident gas atom of specified incidence angles and a spherical adsorbate as a function of impact parameter. The maximum amount of normal energy which the noble gas can transfer to the adsorbate is defined by the quantity EL g,max=E; WGl,,,
where F(b);,, represents the maximum fraction of normal energy which can be transferred as a function of b, impact parameter. Note that at non-normal angles of incidence, nonzero impact parameters transfer the highest fraction of energy (see subsequent discussion). It is this quantity of energy, when transferred to the adsorbate, which is responsible for bond cleavage. The first step of the desorption process involves energy transfer between the incident noble gas atom and the adsorbate. Here we are considering the physisorption case so the adsorbate-surface interaction potential is weakI compared to the collision energy. This means that the effective mass of the adsorbate will be close to the adsorbate's molecular mass. The maximum amount of energy transfer along the surface normal from the noble gas atom to the physisorbed molecule is given by (4) where E' &i is the adsorbate's normal kinetic energy immediately after the collision and mg and ma& are the masses of the incident noble gas atom and the adsorbate, respectively. Note that in this treatment we have also neglected any attractive potential between the incident particle and the surface system. The second step in the desorption process, scattering of the translationally energetic adsorbate off of the surface, is governed by energy transfer from the adsorbate to the surface. The energy transfer is, in turn, a function of the effective mass of the surface atom with which the adsorbate collides. When an incident molecule strikes a surface more than one lattice atom may participate in the collision event because of the strong interaction potential between atoms in a metallic lattice. Previous experimental studies of hyperthermal atom scattering from metal surfaces have shown that approximately five surface atoms participate in a collision with a 1 eV incident particle.15 This collective response of several atoms in the collision region has a dramatic effect on energy transfer considerations. When the adsorbate samples more than one bulk atom, the amount of energy retained in the adsorbate's kinetic energy after the scattering event increases. Thus, the scattering event becomes more elastic and less translational energy is transferred to the surface and bulk atoms. Explicitly, the adsorbate will scatter off of the surface with translational energy, EL ads,s, equa1 to where ma& is the adsorbate mass, and meff is the effective mass of a surface~atom.
Adsorbate desorption is the final step that must be considered for the outcome of a collision event. The normal kinetic energy of the scattered adsorbate, Etd,,, must be greater than the well depth, or dissociation energy, of the adsorbate for desorption to occur. The final energy of the adsorbate, Eids,f, is given by &ds,f=Ei;ds,s -DO,
where Do is the bond dissociation energy of the adsorbate. If the final adsorbate kinetic energy normal to the surface is less than the bond dissociation energy, no desorption occurs and no gas' phase species are detected. If the scattered adsorbate energy normal to the surface is greater than the bond dissociation energy, molecules escape from the surface and are detected. It is this criterion which gives rise to the threshold phenomena. Given these considerations we can extract the bond energy for a surface-adsorbate complex from a simple plot of the probability for desorption as a function of the normal component of kinetic energy transferred from the incident noble gas atom to the adsorbate. The desorption threshold energy is given by extrapolation to the x axis (or normal kinetic energy intercept) intercept. The functional form shown in Eq. (1) provides an empirically accurate function to perform this extrapolation. The bond energy is then determined from the threshold energy corrected for energy transfer both ,to the adsorbate and to' the surface atom off which the adsorbate scatters. By combining expressions (4), (5), and (6) an expression for the bond energy can be written Do=&,, 
where the threshold desorption energy, Eihrs, is the normal kinetic energy intercept. Thus, the bond dissociation energy is equal to the threshold energy corrected for the two energy transfer events. Note that in Eq. (6), at threshold EL .&f is virtually zero so that Do=E~ds,s.
The type of data required for bond energy determination are obtained from collision-induced desorption experiments where the desorption probability is measured as a function of the incident kinetic energy and angle of a hyperthermal beam of noble gas atoms. One experiment has been performed which provides the necessary data to test the proposed model. (2) and (3) and are shown in Fig. 2 . To perform the transformation, the JOhi,, factors had to be calculated. Table I shows the results of the computer simulation to determine the maximum energy transfer for non-normal angles of incidence.
The five sets of data correspond to CH, desorption probabilities as a function of Ar kinetic energy for five different angles of incidence. The lines fitting the data sets were determined from a modified nonlinear least-squaresfit to the entire set of data points using Eq. ( 1) . The cross section energy dependence and exponent value (IV= 1.8) determined from this procedure are in accord with other experimental8(c) and theoretical16*'7 efforts to model reactions with an energetic threshold. As can be seen from the plot, all of the lines intersect the x axis at approximately 182 meV. To correct for energy transfer events we used the values of 16, 40, and 5 X 58 amu for &&, Ms, and M,, in Eq. (7) to calculate a Do of 118 meV for CH4 on Ni { 1113. This nonthermal bond dissociation energy is within 5% of the 125 meV bond energy determined from TDS. The difference can be, attributed to either the neglect of the incident Ar-Ni surface attraction, an incorrect effective mass for the Ni surface atom, lack of consideration of multiple scattering events, and/or an error in the TDS derived bond energy. If we assume no Ar-Ni attraction and that the TDS bond energy is correct, we can calculate an effective mass of 370 amu for the Ni atom for collision energies in the 1 eV range. In summary, we propose a method to determine the surface-adsorbate bond energy from collision-induced desorption measurements. The threshold energy for desorption, in normal kinetic energy space, is corrected for two energy transfer steps, with an approximate meff, td give the bond dissociation energy. Preliminary experiments in our laboratory for the NH@{1113 system suggest that the theory will enable the extraction of bond energies for chemisorbed molecules at least as high as 1 eV.
